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PREFACE 

The  US  Army  Engineer  District,  Norfolk  (CENAO) ,  requested  the  US  Army 
Engineer  Waterways  Experiment  Station's  (CEWES's)  Coastal  Engineering  Research 
Center  (CERC)  to  conduct  physical  model  studies  to  determine  overtopping  rates 
and  wave-induced  pressures  on  a  seawall  proposed  for  construction  at  Virginia 
Beach,  Virginia.  This  is  the  first  of  three  reports  that  describe  tasks  con¬ 
ducted  in  support  of  the  Virginia  Beach,  Virginia,  Beach  Erosion  Control  and 
Hurricane  Protection  Project.  Funding  authorizations  by  CENAO  were  granted  in 
accordance  with  Intra-Army  Order  No.  AD-86-3018. 

Physical  model  tests  were  conducted  at  CERC  under  general  direction  of 
Dr.  James  R.  Houston,  Chief,  CERC;  Mr.  Charles  C.  Calhoun,  Jr.,  Assistant 
Chief,  CERC;  Mr.  C.  Eugene  Chatham,  Chief,  Wave  Dynamics  Division;  and 
Mr.  D.  Donald  Davidson,  Wave  Research  Branch  (CW-R) .  Tests  were  conducted  by 
Messrs.  Cornelius  Lewis,  Sr.,  Engineering  Technician,  John  M.  Heggins,  Com¬ 
puter  Technician,  and  Lonnie  L.  Friar,  Electronics  Technician,  under  the 
supervision  of  Ms.  Martha  S.  Heimbaugh,  Civil  Engineer,  and  Mr.  P.  J.  Grace, 
Hydraulic  Engineer,  CW-R.  Mr.  Kenneth  W.  Hassenflug,  Computer  Specialist, 
CW-R,  was  responsible  for  software  development  throughout  execution  of  the 
pressure  tests  and  during  subsequent  data  analysis  efforts.  This  report  was 
prepared  by  Ms.  Heimbaugh  and  Messrs.  Grace,  Davidson,  and  John  P.  Ahrens, 
Oceanographer,  CW-R.  Report  editing  was  performed  by  Ms.  Shirley  A.  J. 
Hanshaw,  Information  Products  Division,  Information  Technology  Laboratory, 
CEWES . 

Throughout  the  course  of  this  study  liaison  was  maintained  with 
Ms.  Joan  Pope,  CERC's  overall  Project  Manager,  and  CENAO  representatives: 
Messrs.  David  Pezza,  Project  Manager,  Owen  Reece,  Hydraulic  Engineer,  and 
Steve  Geusik,  Structural  Engineer.  The  contributions  of  these  individuals, 
and  all  other  involved  CENAO  personnel,  are  acknowledged  with  thanks  for  their 
assistance  in  the  investigation. 

Commander  and  Director  of  CEWES  during  the  investigation  and  the  prepa¬ 
ration  and  publication  of  this  report  was  COL  Dwayne  G.  Lee,  CE.  Technical 
Director  was  Dr.  Robert  W.  Whalin. 
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CONVERSION  FACTORS,  NON-SI  TO  SI  (METRIC) 
UNITS  OF  MEASUREMENT 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI 
(metric)  units  as  follows: 


Mult ip 1 


cubic  feet  per  second  per  foot 

feet 

inches 

miles 

pounds  (force)  per  square  inch 
pounds  (mass) 

pounds  (mass)  per  cubic  foot 


0.09290 

0.3048 

2.540 

1.6093 

6.894757 


To  Obtain 


cubic  metres  per  second  per  foot 


metres 


centimetres 

kilometres 


6.894757  kilopascals 
0.4535924  kilograms 


16.01846 


cubic  metre 
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COASTAL  ENGINEERING  STUDIES  IN  SUPPORT  OF  VIRGINIA  BEACH,  VIRGINIA 
BEACH  EROSION  CONTROL  AND  HURRICANE  PROTECTION  PROJECT 

Report  1 

Physical  Model  Tests  of  Irregular  Wave  Overtopping 
and  Pressure  Measurements 


PART  I:  INTRODUCTION 


Study  Background 


1.  This  report  is  the  first  of  a  series  of  three  reports  on  coastal 
engineering  studies  conducted  by  the  US  Army  Engineer  Waterways  Experiment 
Station's  (CEWES's)  Coastal  Engineering  Research  Center  (CERC)  to  assist  the 
US  Army  Engineer  District,  Norfolk  (CENAO) ,  in  the  Advanced  Engineering  and 
Design  of  the  Virginia  Beach,  Virginia,  Beach  Erosion  Control  and  Hurricane 
Protection  Project.  The  other  two  reports  concern  overtopping  hydrograph  de¬ 
sign  and  beach  and  dune  design.  The  coastal  studies  were  divided  into  two 
major  sections:  seawall  design  (i.e.,  the  physical  model  overtopping  and 
wave-induced  pressure  measurements  and  analysis  of  overtopping  for  design 
events)  and  beach  and  dune  design  evaluation  (i.e.,  numerical  simulation  of 
profile  response  to  short-term  design  events  and  design  of  beach  fill  for 
long-term  stability  and  maintenance) .  Figure  1  presents  a  flowchart  of  the 
coastal  engineering  studies. 

2.  Selection  of  design  waves,  storm  surge  hydrographs,  and  runup¬ 
overtopping  rates  was  crucial  to  development  of  the  most  hydraulically  effi¬ 
cient  seawall  geometry  and  definition  of  short-term  beach  stability.  Coastal 
engineering  studies  consisted  of  selecting  design  storms  from  the  historical 
record,  simulating  the  wave  field  for  each  of  these  storms,  establishing  de¬ 
sign  surge  hydrographs,  developing  a  two-dimensional  (2-D)  hydrographic  model 
to  measure  overtopping  rates  and  test  wave-induced  pressure  loadings,  comput¬ 
ing  an  overtopping  hydrograph  adjusted  for  all  prototype  parameters,  numeri¬ 
cally  simulating  beach  and  dune  response  to  design  events,  developing  a  design 
and  construction  beach  profile  for  long-term  adjustment,  and  establishing  a 
beach  maintenance  plan. 
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Hurricane  Protection  Project  is  one  of  the  largest  and  most  complex  coastal 
projects  of  this  type  in  recent  Corps  of  Engineers  experience.  The  City  of 
Virginia  Beach  is  located  on  the  east  coast  of  the  United  States  just  south  of 
the  entrance  to  Chesapeake  Bay  (Figure  2).  The  project  area  consists  of 
6  miles*  of  heavily  developed  commercial  and  urban  shoreline  which  extends 
north  from  Rudee  Inlet  to  89th  Street  (Figure  3**) .  This  shoreline  is  subject 

Vo 

- 

*  A  table  of  factors  for  converting  non-SI  units  of  measurement  to  ST 
(metric)  units  is  presented  on  page  3. 

**  All  elevations  (el)  cited  herein  are  in  feet  as  referenced  to  National  * 

Geodetic  Vertical  Datum  (NGVD) . 
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to  severe  damages  from  hurricanes  and  extreme  extratropical  storms  (locally 
called  northeasters).  The  August  1933  hurricane  and  the  March  1962  extra- 
tropical  storm  (the  Ash  Wednesday  storm)  devastated  this  coastal  area.  Storm 
damages  included  loss  of  the  beach,  destruction  of  the  bulkhead  and  seawall 
system,  damage  to  buildings,  and  inshore  flooding.  In  addition,  there  has 
been  a  continuing  problem  with  beach  erosion.  Since  1962  annual  harbor  dredg¬ 
ing  of  Rudee  Inlet  and  pumping  operations  to  bypass  the  sand  at  Rudee  Inlet, 
and/or  the  trucking  in  of  sand  from  other  sources,  has  been  sponsored  by  the 
Federal,  state,  and  city  governments  to  maintain  a  beach  width  of  approxi¬ 
mately  100  ft  and  a  crest  el  of  +5.4  ft. 

4.  Existing  protection  consists  of  a  combination  of  various  bulkheads 
with  crest  els  between  10  and  12  ft  NGVD  and  nourished  beach.  In  1970  CENAO 
completed  a  feasibility  study  which  recommended  construction  of  a  sheet-pile 
seawall  with  a  concrete  cap  at  el  15  and  heavy  stone  at  the  base.  By  1983, 
results  of  the  previous  study  had  been  reevaluated  and  incorporated  into  an 
initial  (Phase  I)  seawall  design  and  beach  erosion  control  concept.  The  sea¬ 
wall  was  designed  with  guidance  from  the  Shore  Protection  Manual  (SPM)  (1984) 
which  is  based  primarily  on  monochromatic  wave  theory.  Adequate  storm  protec¬ 
tion  was  to  be  provided  by  the  seawall  without  sacrificing  aesthetics  of  the 
ocean  view. 

5.  The  proposed  project  seawall  has  a  crest  el  of  15.7  ft  NGVD  and  will 
extend  from  Rudee  Inlet  north  to  57th  Street.  Beyond  this  point,  a  dune  and 
beach  system  will  occupy  the  area  from  57th  Street  north  to  89th  Street.  The 
recommended  plan  also  calls  for  a  100-ft  wide  berm  at  el  +5.4  ft  NGVD  from 
Rudee  Inlet  to  89th  Street  (Figure  3).  When  built,  the  seawall  project  should 
provide  54-year  flood  protection  to  the  community  (CENAO  1984). 

Purpose  of  the  Model  Study 

6.  This  model  study  was  conducted  to  determine  the  adequacy  of  the  pro¬ 
posed  seawall  design  and,  if  necessary,  to  investigate  the  effectiveness  of 
design  modifications.  The  physical  model  study  was  one  of  a  series  of  tasks 
conducted  by  CERC  to  aid  in  the  design  of  the  detailed  Beach  Erosion  Control 
and  Hurricane  Protection  Project  for  Virginia  Beach.  The  specific  purposes  of 
this  2-D  physical  model  study  were  to: 
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Determine  the  expected  rate  of  overtopping  for  two  design  storm 
types  (hurricane  and  northeaster)  at  four  selected  still-water 
levels  (swl's) . 

Recommend  any  changes  in  the  geometry  of  the  seawall  which  might 
decrease  the  overtopping  rate. 

Determine  a  stable  stone  size  for  the  proposed  fronting  riprap. 

Evaluate  the  distribution  of  wave-induced  pressures  on  the  face 
of  the  seawall  to  aid  in  final  design  of  the  wall  and 
foundation. 


PART  II:  THE  MODEL 


Scale  Selection 


7.  During  this  model  study,  time  constraints  dictated  that  construction 
of  the  physical  model  be  carried  out  prior  to  determination  of  ultimate  test 
conditions  (by  CERC's  Coastal  Oceanography  Branch).  Under  these  conditions  a 
model  to  prototype  scale  of  1:13  was  chosen  based  on  calculations  indicating 
that  any  smaller  scale  would  introduce  scale  effects  into  the  secondary  task 
of  optimizing  a  stable  fronting  riprap  design;  therefore,  Phase  I  seawall 
overtopping  tests  were  performed  at  the  1:13  scale.  However,  after  the  design 
test  conditions  were  eventually  chosen,  it  was  found  that  at  a  scale  of  1:13 
only  60  percent  of  the  design  deepwater  zero  moment  wave  height  H  *  could 
be  consistently  achieved  at  the  wave  board  for  all  representative  swl's.  At 
this  time  it  was  believed  that  overtopping  was  controlled  by  the  inshore  con¬ 
ditions.  Because  visual  and  measured  observations  indicated  maximum  wave 
heights  and  H  values  were  being  maintained,  tests  were  continued  at  this 
scale.  After  changes  in  the  geometry  of  the  seawall  had  been  recommended, 
however -  the  decision  was  made  to  implement  a  smaller  model  scale  of  1:19  to 

achieve  100  percent  of  the  design  H  at  the  wave  board  in  deep  water.  Also 

mo 

at  this  point,  a  stable  riprap  size  had  been  determined;  therefore,  all 
Phase  II  testing  was  performed  at  a  model  scale  of  1:19.  (In  this  report, 
Phase  II  implies  that  geometric  modifications  to  the  seawall  had  been  incor¬ 
porated.)  Pressure  tests  conducted  for  the  Phase  II  seawall  were  conducted  at 
the  1:19  scale. 

Equipment  and  Facilities 

8.  All  tests  were  conducted  in  a  concrete  wave  flume  11  ft  wide  and 
250  ft  long.  The  cross  section  of  the  tank  in  the  vicinity  of  the  structure 
was  partitioned  into  two  3-ft-wide  channels  and  two  2.5-ft-wide  wave-absorbing 
channels  (Figure  A).  Irregular  waves  were  generated  by  a  hydraulically  actu¬ 
ated  piston-driven  wave  board.  The  seawall  test  sections  were  installed  in 
the  flume  approximately  200  ft  from  the  wave  board. 


*  For  convenience,  symbols  and  abbreviations  are  listed  in  the  Notation 
(Appendix  E) . 


9.  Wave  data  were  collected  on  eight  electrical  resistance  wave  gages. 
Wave  pressures  were  measured  with  miniature  semiconductor  pressure  trans¬ 
ducers,  each  equipped  with  a  silicon  diaphragm  and  a  four-arm  strain  gage 
bridge.  Simultaneous  pressure  measurements  were  made  at  six  different  loca¬ 
tions  along  the  face  of  the  seawall  (Figure  5).  Wave  signal  generation  and 
data  acquisition  were  controlled  using  a  DEC  MicroVAX  I  computer.  Wave  and 
pressure  data  analysis  were  accomplished  using  primarily  a  DEC  VAX  11/750. 

Test  Conditions 

10.  Test  conditions  were  determined  based  on  historical  storm  records 

for  the  Virginia  Beach  area  from  1928  to  present.  Selection  of  these  condi¬ 
tions  involved  numerical  modeling  of  three  hurricanes  and  three  northeasters 
which  were  chosen  as  the  most  severe  storms  in  the  historical  record 
(Lillycrop,  Pope,  and  Abel,  in  preparation).  Portions  of  the  wave  hindcast 
data  came  from  the  Sea  State  Engineering  and  Analysis  System  (SEAS).  The  re¬ 
mainder  were  obtained  from  existing  Wave  Information  Studies  (WIS) .  After  a 
data  base  was  established,  all  wind  wave  computations  were  made  using  the  WIS 
discrete  spectral  wave  transformation  model.  This  procedure  used  three  hurri¬ 
cane  storms  and  three  northeaster  storms  which  were  considered  representative 
of  the  worst  storms  on  record.  From  these  six  storms,  the  most  significant  of 
each  type  was  chosen  to  be  represented  in  the  physical  model.  The  test  storms 
were,  specifically,  the  hurricane  of  August  1933  and  the  northeaster  of  March 
1962.  These  are  the  most  severe  storms  of  record  for  Virginia  Beach,  and  they 
were  generated  using  TMA  spectra,  which  are  analytical  spectra  representing 
the  depth  and  frequency  transformations  of  a  deep-water  wave  moving  into  shal¬ 
low  water  (Hughes  1984  and  Lillycrop,  Pope,  and  Abel,  in  preparation).  A  de¬ 
scription  of  the  design  deepwater  wave  conditions  reproduced  in  the  tank  is 
provided  in  Table  1  for  the  zero-moment  wave  height  ,  wave  period  T^  , 

and  three  spectral  shape  parameters  y  ,  ,  and  .  Swl's  were  chosen 

to  bracket  historical  storm  surge  elevations,  and  those  selected  for  testing 
were  +6.0  ft,  +7.0  ft,  +8.0  ft  (project  design  water  level),  and  +9.5  NGVD. 

11.  The  wave  machine  was  calibrated  by  generating  monochromatic  waves 
of  differing  heights  and  periods  while  measuring  these  waves  at  various  gage 
locations  in  the  tank.  In  the  same  manner,  spot  checks  of  the  TMA  spectra 
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Table  1 

Design  Wave  Conditions 


TMA  Spectral 

Parameters 

Storm  Type 

H  ,  ft 

mo 

T  ,  sec 

P 

°lo 

°hi 

Hurricane 

15.81 

13.7 

1.1 

0.0001 

0.90 

Northeaster 

13.60 

15.4 

3.4 

0.1300 

0.15 

were  made  to  verify  that  the  required  spectra  were  being  reproduced  in  the 

wave  tank  at  the  wave  board.  ! 

I 

Model  Construction  < 

( 

I 

12.  Model  seawalls  for  overtopping  tests  were  constructed  by  covering  a 
1.5-ft-wide  marine  plywood  frame  with  sheet  metal.  For  the  pressure  tests,  an 
additional  8-in. -wide  center  section  was  machined  from  aluminum  block  to  ac¬ 
commodate  the  six  pressure  transducers.  Profile  views  of  the  Phase  I  and 
Phase  II  seawalls  are  shown  in  Figures  5a  and  5b,  respectively.  Locations  of 
the  pressure  transducers  are  also  shown  in  Figure  5b. 

13.  Figure  4  shows  a  plan  and  profile  view  of  the  tank  bathymetry,  gage 
locations,  overtopping  basins,  etc.  Overtopping  rates  were  determined  by  mea¬ 
suring  the  change  in  water  levels  in  two  containers  located  behind  the 
seawall. 

14.  During  testing  of  the  Phase  I  seawall,  stability  of  a  proposed 
fronting  stone  riprap  revetment  was  investigated.  Sizing  of  the  model  stone 
was  accomplished  using  the  following  transference  equation: 


(».)  -  ‘1 


where 

*  weight  of  an  individual  stone,  lb 
m,p  *  model  and  prototype  quantities,  respectively 


specific  weight  of  an  individual  stone,  pcf 


s  linear  scale  of  the  model 

•  specific  gravity  of  an  individual  stone  relative  to  the  water  in 

which  it  was  placed,  i.e.  S  =  y  /y 

a  Ta  Tw 

=  specific  weight  of  water,  pcf 
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PART  III:  WAVE  OVERTOPPING  INVESTIGATION 


Testing  Procedures 

15.  A  typical  test  run  for  collecting  wave  overtopping  rates  took  place 
as  follows.  Wave  gages  were  calibrated  at  the  beginning  of  each  day  of  test¬ 
ing.  The  proper  signal  generation  file  was  loaded  into  the  data  acquisition 
program,  and  a  percent  gain  was  selected.  (Percent  gain  varies  the  wave 
height  Hmo  at  the  wave  board  without  changing  the  peak  period  T  or 
phasing.)  Initial  water  level  readings  in  the  two  overtopping  containers  were 
recorded,  and  generation  of  the  wave  field  was  begun.  During  the  following 

30  min  of  testing,  water  from  the  lower  overtopping  container  was  pumped  into 
the  upper  container,  quantified,  and  released  back  into  the  flume  as 
necessary.  This  procedure  minimized  the  effect  that  removal  of  overtopped 
water  might  have  on  swl  and  wave  conditions.  When  a  test  was  completed,  final 
water  level  readings  were  taken,  and  the  water  surface  in  the  flume  was 
allowed  to  still  before  another  test  run  was  started. 

16.  The  wave  gages  acquired  data  at  20  samples  per  second  and,  for  the 

majority  of  test  runs,  wave  data  and  overtopping  measurement  were  collected 

throughout  the  entire  30-min  run.  For  the  range  of  conditions  tested,  the 

zero-moment  wave  height  H  near  the  structure  varied  from  about  3.5  to 

mo 

6.0  ft,  and  the  peak  period  T  near  the  structure  varied  from  about  10.0  to 

P 

20.0  sec  (see  Appendixes  A  and  B) . 

17.  Stability  of  the  toe  armor  stone  was  observed  during  each  over¬ 
topping  test  condition  at  each  of  the  swl's.  Results  of  the  stability  tests 
and  overtopping  quantities  were  recorded  by  an  experienced  technician,  and 
selected  events  were  documented  by  still  photography  and  video  footage. 

Riprap  Stability 

18.  In  an  attempt  to  control  overtopping  by  restricting  the  scour  depth 
that  influences  overtopping,  a  riprap  fronting  berm  was  proposed  for  the 
Phase  I  seawall  design  at  the  initiation  of  the  model.  The  initial  proposal 
by  CENAO  dictated  determination  of  overtopping  rates  and  stability  of  riprap 
toe  at  the  +3.4  NGVD  elevation  which  would  have  left  the  riprap  unexposed  to 
wave  attack  (Figure  6a).  To  adequately  determine  berm  stability,  it  was 


recommended  that  the  toe  stone  be  exposed  to  wave  attack;  therefore,  the  wall 
was  tested  with  a  fronting  slope  Intersecting  the  toe  of  the  riprap  at 
+1.0  NGVD  (Figure  6b). 

19.  Initially,  a  berm  with  a  median  stone  weight  of  250  lb  (Figure  5b) 
was  tested  and  found  to  be  unstable  (Photo  1).  Based  on  Goda’s  stability 
theory  (Goda  1985  and  Tanimoto  1982)  and  engineering  judgment,  a  1,000-lb 
median  stone  weight  (Figure  6c)  was  selected  for  testing.  Stability  of  this 
berm  was  acceptable  for  all  test  conditions  (Photo  2). 

20.  Observations  made  during  the  tests  suggested  that  the  fronting  rip¬ 
rap  toe  reduced  wave  overtopping,  especially  at  swl's  of  +7.0  ft  and  less. 

This  conclusion  is  based  on  the  observed  energy  dissipation  as  waves  propa¬ 
gated  over  the  berm  at  the  lower  swl's.  A  quantitative  description  of  the 
influence  of  the  fronting  riprap  on  overtopping  rates  at  low  water  levels  is 
difficult;  however,  it  is  apparent  that  at  swl's  of  +8.0  ft  and  above  the 
fronting  riprap  caused  little  reduction  of  overtopping  rates  at  the  seawall. 

To  accomplish  a  significant  decrease  in  the  overtopping  rates,  the  berm  width 
would  have  to  be  increased  considerably  before  its  dissipating  effect  on  the 
long-period  storm  waves  which  were  tested  would  be  noticeable.  Nevertheless, 
presence  of  the  10-ft-wide  fronting  berm  could  be  advantageous  in  other  re¬ 
spects.  The  riprap  may  help  minimize  undermining  at  the  toe  of  the  structure 
and  could  help  to  reduce  erosion  of  the  beach  adjacent  to  the  structure  by 
absorption  of  incident  wave  energy.  Since  the  Virginia  Beach  seawall  was  de¬ 
signed  with  a  steel  sheet-pile  cutoff  wall  to  prevent  undermining  of  the 
structure,  inclusion  of  a  fronting  riprap  berm  may  not  be  necessary. 

Analysis  of  Overtopping  Parameters  and  Trends 

21.  The  dimensionless  relative  freeboard  parameter  which  consolidates 
the  data  into  a  single  trend  was  first  developed  and  used  for  the  Roughans 
Point  seawall /revetment  study  for  US  Army  Engineer  Division,  New  England 
(Ahrens  and  Heimbaugh  1986).  The  relative  freeboard  parameter  is  defined  as 
follows : 
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where 

F  *  average  freeboard,  or  that  distance  between  the  crest  of  the 
seawall  and  the  local  mean  water  level 

H  =  zero-moment  wave  height  measured  at  Goda  Array  2  (wave  gages  5, 

mo  6,  and  7)  and  assumed  to  be  representative  of  the  H  at  the 
.  .  mo 

toe  of  the  structure 

Lp  =  significant  wave  length  associated  with  peak  period  measured 

at  Goda  Array  2  and  computed  using  Hunt's  method  (Hunt  1979) 

The  relative  freeboard  parameter  F'  can  be  thought  of  as  the  ratio  of  free¬ 
board  to  severity  of  local  wave  climate.  As  wave  climate  becomes  more  severe, 
F'  becomes  smaller  until  a  point  is  reached  when  the  wall  is  being  inundated 
with  waves  such  that  the  energy  dissipation  through  wave/structure  interaction 
is  insignificant.  To  establish  data  trends  for  the  Phase  I  and  Phase  II  sea¬ 
walls,  the  relative  freeboard  parameter  was  plotted  versus  the  measured  over¬ 
topping  rate  Q  in  cubic  feet  per  second  per  foot  (cfs/ft)  of  seawall. 

22.  The  Phase  I  and  Phase  II  tests  were  limited  to  a  relatively  narrow 
band  of  wave  conditions  because  only  two  peak  periods,  and  corresponding  maxi¬ 
mum  wave  heights,  were  specified  in  the  selected  design  events.  To  better 
establish  data  trends  and  cover  a  wider  range  of  possible  storm  conditions, 
wave  heights  of  the  wave  board  were  varied  for  the  two  specific  wave  periods 
at  each  of  the  selected  swl's  (see  Appendix  A).  Figures  7  and  8  show  that  as 
the  percent  gain  of  the  design  wave  height  at  the  wave  board  was  increased, 

the  wave  energy  of  the  spectrum,  or  H  ,  measured  at  Goda  Array  2, 

mo 

approached  an  approximate  limiting  value  (Hughes  1984).  This  theoretical 

approximate  limiting  value  of  H  is  controlled  by  the  water  depth  and  is 

mo 

calculated  by 


=  B  h 


(max) 


where  B  is  dependent  on  the  fronting  beach  slope  and  typically  ranges  from 
0.55  to  0.65,  and  h  is  the  water  depth.  A  value  of  B  =  0.6  is  suggested 
for  a  typical  beach  slope  and  was  used  along  with  the  water  depth  and  asso¬ 
ciated  setup  to  plot  the  limiting  value  lines  seen  in  Figures  7  and  8.  These 
plots  indicate  that  the  maximum  amount  of  energy  for  a  particular  water  depth 
was  reached  at  the  higher  percent  gains. 

23.  The  Phase  I  seawall  (Figure  5a)  was  initially  tested  for  hurricane 
and  northeaster  storm  events,  as  previously  described,  for  swl's  of  +6.0  ft, 
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This  general  equation  not  only  includes  the  incident  wave  height  and  period, 
water  depth,  and  seawall  freeboard  but  also  provides  a  means  for  comparing 
seawall  performance  and  predicting  percent  differences  in  the  overtopping 
rates  for  various  beach  erosion  levels  in  front  of  the  structure.  Such  com¬ 
parisons  will  be  made  later  in  this  report. 

24.  CENAO  indicated  that  the  overtopping  rates  measured  for  the  Phase  I 
seawall  were  not  satisfactory  and  requested  suggestions  of  how  the  overtopping 
could  be  reduced.  Suggestions  considered  were  to:  (a)  increase  the  crest 
elevation  of  the  wall,  (b)  place  a  large  revetment  in  front  of  the  wall,  and 
(c)  change  the  geometry  of  the  seawall).  Item  (a)  was  believed  to  be  the  most 
promising  but  was  rejected  by  CENAO  because  of  local  community  objections. 
Placement  of  a  large  revetment  in  front  of  the  wall  was  deemed  impractical  and 
uneconomical;  thus,  it  was  recommended  that  the  geometry  be  changed  by  adding 
a  lip,  or  extension,  to  the  recurved  portion  of  the  seawall.  This  alternative 
was  agreeable  with  CENAO,  and  a  modified  seawall  geometry  developed  by  CENAO, 
Phase  II  seawall,  was  constructed  for  testing. 

25.  The  Phase  II  seawall  (Figure  5b)  was  tested  using  hurricane  and 
northeaster  storm  events  for  swl's  of  +7.0,  +8.0,  and  +9.5  ft  NGVD.  All  data 
generated  from  the  Phase  II  seawall  tests  (including  data  from  wave  heights  of 
30  to  100  percent  of  DWHAWB  are  presented  in  Figure  10  and  tabulated  in 
Table  A2  (Appendix  A).  Similar  to  the  Phase  I  seawall  test  results,  these 
data  fit  the  general  trend  of  Equation  3.  Since  there  was  some  question 
whether  the  prototype  overtopping  rates  for  the  design  events  should  be  based 
on  all  the  data  generated  in  the  Phase  II  tests  (wave  heights  of  30  to 

100  percent  DWHAWB)  or  with  only  the  100  percent  DWHAWB  data,  a  Q  versus  F' 
plot  of  only  the  100  percent  DWHAWB  data  for  Phase  II  seawall  is  presented  in 
Figure  11.  This  plot  contains  fewer  data  points  because  of  the  limited  number 
of  design  events,  but  the  data  trend  characteristic  of  Equation  3  is  assumed. 

Seawall  Comparisons 

26.  To  compare  the  performance  of  the  Phase  I  and  Phase  II  seawalls. 
Equation  3  was  used.  An  explanation  of  Equation  3  and  a  tabulation  of 
calculated  values  are  presented  in  Appendix  B.  Specific  comparisons  of  the 
percent  decrease  in  Q  for  hurricane  conditions  at  the  three  swl's  tested  are 
given  in  Table  2.  Since  only  wave  heights  up  to  70  percent  of  the  DWHAWB  at 
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Table  2 

Phase  I  Seawall  Compared  to  Phase  II  Seawall  for  Hurricane  Conditions 


Percent  Decrease  in  Q 

Percent  Decrease  in 

swl 

Phase  I  vs  Phase  II 

Phase  I  vs  Phase  II 

ft 

30  to  70% 

100% 

+9.5 

43 

18 

+8.0 

48 

24 

+7.0 

54 

31 

the  +9.5  swl  and  up  to  60  percent  for  all  lower  swl's  could  be  reproduced  In 
the  Phase  I  seawall  tests,  relative  performance  of  the  Phase  II  seawall  (where 
wave  heights  up  to  100  percent  DWHAWB  were  reproduced)  presented  in  Table  2  is 
given  first  based  on  30  to  70  percent  data  and  finally  on  all  data.  Based  on 
these  comparisons,  it  can  be  seen  that  the  seawall  geometry  changes  made  from 
Phase  I  seawall  to  Phase  II  reduced  the  overtopping  rate  between  18  and 
54  percent  depending  on  the  conditions  compared.  Table  2  also  shows  that  as 
the  swl  increased  geometry  modifications  had  a  smaller  effect  on  reducing  the 
overtopping  rate.  This  occurrence  was  expected  since,  as  the  water  level  was 
increased,  the  waves  became  larger  and  began  to  inundate  the  wall  more  often. 
In  short,  changes  in  seawall  geometry  are  less  effective  at  higher  swl's. 

27.  As  mentioned  earlier,  the  decision  to  lower  the  beach  elevation  in 

model  tests  from  +3.4  to  +1.0  ft  NGVD  to  test  stability  of  the  fronting  riprap 
also  affected  overtopping  rates.  For  instance,  a  small  change  in  the  depth  at 
the  structure  toe  dg  can  significantly  affect  the  magnitude  of  Q  .  By 
lowering  the  beach  elevation,  dg  is  increased,  and  this  increase  in  turn  af¬ 
fects  the  local  wave  length  used  In  Equation  1.  Also,  as  the  water  depth 

near  the  structure  becomes  deeper,  a  larger  wave  can  be  supported.  Thus,  as 

d  increases,  H  and  L  increase,  causing  the  relative  freeboard  param- 
s  mo  p  Y 

eter  Ff  to  decrease.  As  can  be  seen  in  Figures  9  and  10,  as  F'  decreases, 
the  overtopping  rate  Q  increases  exponentially.  Therefore,  by  decreasing 
the  beach  elevation  from  +3.4  to  +1.0  NGVD  the  overtopping  rate  is,  in  effect, 
increased.  Overtopping  rates  for  the  +3.4-ft  NGVD  beach  elevation  were  esti¬ 
mated  as  explained  in  the  following  paragraphs. 

28.  The  relative  freeboard  versus  Q  plot  was  used  to  predict  over¬ 
topping  rates  for  extrapolated  values  of  dg  and/or  F  provided  the 


projected  dg  and  F  were  similar  to  those  tested.  There  was,  however,  some 
question  whether  the  effects  of  beach  erosion  should  be  calculated  based  on  a 
Q  versus  F*  plot  with  all  the  measured  data  (30  to  100  percent  DWHAWB)  or 
based  only  on  the  100  percent  DWHAWB  measured  data.  This  question  was  re¬ 
solved  by  choosing  the  more  conservative  (100  percent  DWHAWB)  data  plot  (Fig¬ 
ure  11)  to  calculate  the  effects  of  beach  erosion  for  the  design  storm  event 
where  erosion  potential  is  greatest.  The  method  for  calculating  changes  in 

overtopping  rates  for  the  maximum  H  that  can  exist  at  each  swl  is  ex- 

mo 

plained,  and  the  respective  beach  erosion  elevations  are  tabulated  in  Appen¬ 
dix  B.  The  percent  difference  and  the  percent  decrease  in  overtopping  rates 
between  the  data  trend  for  the  Phase  II  seawall  at  the  +1.0  NGVD  beach  erosion 
elevation  and  the  projected  trend  for  the  same  wall  at  a  +3.4  NGVD  beach  ero¬ 
sion  elevation  for  hurricane  conditions  at  the  three  swl's  tested  are  given  in 
Table  3.  These  numbers  are  based  on  Figure  11  where  only  those  data  collected 
at  100  percent  DWHAWB  were  used.  The  percent  difference  values  in  Table  3 
were  used  to  predict  the  change  in  overtopping  for  the  surge  hydro¬ 
graphs  (Lillycrop,  Pope,  and  Abel,  in  preparation). 

Table  3 

Overtopping  Comparisons  Using  Hurricane  Conditions  at  the 
+1.0-  and  +3.4-ft  NGVD  Beach  Elevations 

swl,  ft  Percent  Difference*  Percent  Decrease** 

+9.5  46  54 

+8.0  22  78 

+7.0  9  91 


*  Percent  difference  in  Q  for  data  at  +l-ft  NGVD  beach  elevation  and  pro¬ 
jected  values  at  +3.4-ft  NGVD  beach  elevation. 

**  Percent  decrease  in  Q  for  beach  elevation  at  +3.4-ft  NGVD  versus  +1.0-ft 
NGVD.  Percents  are  based  on  Q  values  calculated  in  Table  B3  (Appendix  B) 
using  only  the  100  percent  DWHAWB  data  points. 

Wave  Setup  and  Seiche  in  the  Wave  Tank 


29.  In  almost  all  wave  tank  tests,  there  can  exist  local  wave  setup  and 
seiche.  Both  of  these  phenomena  can  occur  in  the  prototype,  but  their  ampli¬ 
tude  and  overall  effects  may  not  be  the  same  as  in  model  tests;  thus,  it  is 
important  that  they  be  identified  and,  to  the  best  extent  possible,  accounted 


for  in  the  model.  Wave  setup  is  the  superelevation  of  the  water  surface  over 
normal  swl  elevations  and  is  due  to  wave  breaking  which  causes  radiation 
stresses  to  develop.  Seiche  is  a  long-period  oscillation  which  can  occur  in 
an  enclosed  body  of  water  and,  in  the  case  of  wave  tanks,  depends  mostly  on 
tank  length  and  geometry. 

30.  It  was  determined  that  both  wave  setup  and  seiche  existed  in  vary¬ 
ing  degrees  during  the  Virginia  Beach  tests.  Measured  values  of  wave  setup 
and  calculated  values  of  the  seiche  are  reported  in  the  tabulated  data  (Appen¬ 
dix  A).  A  detailed  discussion  of  wave  setup  and  seiche  effects  is  given  in 
Appendix  C.  The  effects  of  wave  setup  were  directly  accounted  for  in  the 
model  and  thus  were  considered  in  any  subsequent  prediction  calculations.  The 
main  effect  of  the  seiche  was  that  it  increased  scatter  in  the  data.  This  was 
not  thought  to  influence  the  overall  data  trend;  thus  its  effect  was  not  in¬ 
cluded  in  the  data  analysis. 


PART  IV:  WAVE-INDUCED  PRESSURES  INVESTIGATION 


31.  After  completion  of  the  overtopping  study,  wave  pressure  tests  were 
performed  using  the  Phase  II  seawall  geometry  (model  scale  1:19).  The  purpose 
of  these  tests  was  to  obtain  pressure  data  necessary  to  determine  wave-induced 
forces  and  moments  to  which  the  wall  would  be  subjected  under  certain  storm 
conditions.  Ultimately,  this  information  will  be  used  in  the  completion  of  a 
seawall  and  foundation  design  which  can  withstand  expected  wave  forces  and 
ensure  stability  against  overturning  and/or  sliding. 

32.  Wave  pressures  were  measured  using  miniature  semiconductor  pressure 
transducers,  each  equipped  with  a  silicon  diaphragm  and  a  4-arm  strain  gage 
bridge.  Pressure  measurements  were  calibrated  and  recorded  using  a  DEC  Micro- 
VAX  I  computer.  Typical  time-histories  of  measured  wave  pressures  (Figure  12) 
indicate  that  as  a  wave  approaches  and  strikes  the  face  of  the  seawall,  in 
many  cases,  it  causes  an  initial  shock  pressure  of  large  magnitude  and  short 
duration  immediately  followed  by  a  secondary  (or  surge)  pressure  of  lesser 
magnitude  and  longer  duration.  Based  on  experiments  conducted  with  a  vertical 
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Figure  12.  Typical  wave  pressure  time-history 
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wall,  Bagnold  (1939)  theorized  that  the  short  duration  shock  pressures  result 
from  the  rapid  compression  of  an  air  pocket  trapped  between  the  face  of  a 
breaking  wave  and  the  wall.  In  the  past,  this  phenomenon  has  been  studied  by 
several  investigators  (Minikin  1946;  Carr  1954;  Kamel  1968a,  1968b;  Garcia 
1968;  Kirkgoz  1982).  However,  there  is  still  debate  concerning  the  relative 
importance  of  these  shock  pressures  to  the  actual  design  of  a  seawall.  A  com¬ 
mon  opinion  among  many  designers  is  that  pressures  of  such  short  duration 
should  not  be  used  for  establishing  design  loadings;  thus,  it  is  their  opinion 
that  the  lesser  surge  pressures  of  longer  duration  are  more  suitable  indica¬ 
tors  of  critical  dynamic  loadings. 

Testing  Procedure 

33.  For  the  purpose  of  this  study,  shock  and  surge  pressures  were  mea¬ 
sured  in  response  to  waves  characteristic  of  the  same  two  storms  used  in  the 
overtopping  study.  These  storms  were  simulated  at  swl's  of  +7.0,  +8.0,  and 
+9.5  ft  NGVD.  Signal  generations  and  resulting  zero-moment  wave  heights  were 
accomplished  with  gains  set  at  50  and  100  percent.  Test  conditions  to  which 
the  wall  was  subjected  are  summarized  in  Table  D1  (Appendix  D) .  Because  of 
limited  data  storage  capacity  of  the  computer  facilities  used  for  data  acqui¬ 
sition,  the  duration  of  each  test  was  dictated  by  the  particular  sampling  rate 
at  which  pressures  were  measured.  As  stated  above,  durations  of  shock  pres¬ 
sures  are  characteristically  quite  short  (in  the  range  of  prototype  milli¬ 
seconds);  therefore,  to  acquire  a  definitive  record  of  these  portions  of  the 
pressure  response,  a  high  sampling  rate  was  imperative.  Tests  were  initiated 
using  a  2,000-Hz  sampling  rate  which,  due  to  data  storage  capabilities,  lim¬ 
ited  the  actual  data  acquisition  interval  to  approximately  30  sec.  Therefore, 
with  a  2,000-Hz  sampling  rate,  pressure  data  in  response  to  roughly  seven  to 
nine  waves  in  sequence  could  be  obtained.  Analyses  of  these  first  runs  indi¬ 
cated  that  the  2,000-Hz  sampling  rate  resulted  in  good  resolution  of  most  max¬ 
imum  pressures;  however,  since  the  duration  of  individual  tests  was  so  limited 
(30  sec),  a  series  of  tests  using  various  slower  sampling  rates  was  under¬ 
taken.  These  tests  indicated  that  an  acceptable  resolution  of  most  shock 
pressures  could  be  achieved  at  a  1,000-Hz  sampling  rate,  thereby  increasing 
the  allowable  length  of  each  test  to  60  sec.  Table  D1  shows  that  16  tests 
were  executed  with  an  80-Hz  sampling  rate.  These  tests  were  conducted  to 


allow  continuous  data  acquisition  for  an  entire  30-min  run,  yielding  a  more 
comprehensive  time-history  of  the  overall  pressure  response  at  the  expense  of 
clear  resolution  of  shock  pressures. 


Overall  Results 


34.  The  primary  objective  of  this  evaluation  of  wave-induced  pressures 
was  to  identify  the  magnitudes  and  durations  of  both  the  shock  and  surge  pres¬ 
sures  on  a  particular  wall  geometry.  CENAO  guidance  stipulated  that  the  most 
important  product  of  this  effort  would  be  a  series  of  representative  pressure 
profiles  describing  some  of  the  more  severe  conditions  encountered.  The  im¬ 
portance  of  identifying  the  occurrence  of  significant  negative  pressures  was 
also  stressed.  In  conjunction  with  these  objectives,  the  presentation  of  re¬ 
sults  is  concentrated  primarily  on  representative  design  conditions.  Subjec¬ 
tion  of  the  seawall  to  spectral  wave  conditions  resulted  in  the  collection  of 
many  less  severe  but  more  interesting  pressure  time-histories;  however,  de¬ 
tailed  analysis  of  these  records  is  not  documented  herein.  Maximum  values 
recorded  on  each  gage  for  all  runs  are  listed  in  Table  D2  (Appendix  D) . 

Shock  Pressures 


35.  For  each  combination  of  storm,  swl,  and  percent  gain,  an  initial 
30-min  run  (simulating  a  2.18-hr  prototype)  was  performed  during  which  the 
wave  train  was  closely  observed  and  times  of  occurrence  were  recorded  for  the 
more  severe  waves  (in  terms  of  impact  on  the  seawall).  These  observations  al¬ 
lowed  scheduling  of  1-min  sampling  intervals  to  coincide  with  the  most  proba¬ 
ble  times  when  maximum  pressures  would  occur. 

36.  Generally  speaking,  a  1-min  test  (simulating  a  4.36-min  prototype) 
of  a  severe  condition  would  provide  three  to  four  waves  which  induced  distinct 
shock  pressure  records.  Most  magnitudes  of  these  most  severe  pressures  were 
in  the  20-  to  60-psi  (prototype)  range,  although  on  two  occasions  pressures  as 
high  as  117  psi  were  recorded.  (Throughout  the  remainder  of  this  text,  all 
values  of  pressure  magnitudes  and  durations  presented  will  correspond  to  pro¬ 
totype.)  Durations  of  the  most  severe  shock  pressures  also  varied  but  to  a 
much  lesser  extent.  Pressures  of  15  psi  and  more  were  normally  characterized 
by  durations  of  less  than  0.020  sec.  Durations  of  the  highest  pressures 

30 


(above  60  psi)  were  less  than  0.010  sec  in  duration. 

37.  A  typical  shock  pressure  time-history  is  presented  in  Figure  13. 
This  particular  record  was  collected  on  Channel  1  (see  Figure  5b)  during  sim 
ulation  of  the  hurricane  at  a  +9.5-ft  swl.  The  peak  value  measured  105  psi 
with  a  duration  of  approximately  0.038  sec  above  10  psi. 
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Figure  13.  Time-history  depicting  typical  shock  pressure 


38.  At  swl's  of  +8.0  and  +9.5  ft  NGVD,  maximum  pressures  consistently 
occurred  at  Channel  1  which  was  located  near  the  vertex  of  the  wall  curvature. 
High  pressures  also  were  common  on  the  face  of  the  highest  step  (Channel  3)  at 
these  swl's.  At  the  +7.0-ft  swl,  maximum  pressures  occurred  on  the  faces  of 
the  lower  steps  (Channels  4,  5,  and  6).  It  is  interesting  that  at  no  time 
during  data  collection  did  the  pressure  on  Channel  2  exceed  14  psi.  Maximum 
pressures  at  this  location  on  the  wall  never  displayed  characteristics  of 
shock  pressures.  Instead,  they  were  typified  by  a  well-rounded,  relatively 
small  peak  of  long  duration  (Figure  14). 

39.  Plates  1-63  were  prepared  to  provide  designers  with  adequate  infor¬ 
mation  concerning  pressure  profiles  in  response  to  severe  wave  conditions. 

For  each  location  of  a  pressure  transducer,  records  containing  the  five  great¬ 
est  pressures  encountered  were  retrieved  and  analyzed  in  greater  detail.  Six 
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Figure  14.  Typical  maximum  pressure  record  for  Channel  2 


profiles  exist  for  each  of  these  records.  These  six  instantaneous  profiles 
represent  the  six  points  in  that  particular  record  when  a  maximum  value  was 
occurring  on  one  of  the  transducers.  For  example.  Plates  1,  2,  and  3  depict 
the  six  points  in  time  when  maximums  were  occurring  during  Test  45  (NE,  swl 
=  +9.5,  50  percent  gain).  The  plot  labeled  PT45  MAX  CH2  is  an  instantaneous 
pressure  profile  at  the  point  in  time  during  Test  45  when  the  highest  pressure 
on  Channel  2' was  monitored.  All  other  profile  plates  are  labeled  accordingly. 
The  pressure  distributions  indicate  that  maximum  pressures  at  different  wall 
elevations  rarely  occur  simultaneously,  especially  in  the  case  of  a  nonverti¬ 
cal  wall  such  as  the  stepped  wall  studied  here,  on  which  some  wave  energy  is 
dissipated  through  turbulence.  Notably,  the  profiles  often  depict  surge  pres¬ 
sures  on  channels  other  than  the  one  experiencing  a  maximum.  For  example, 
profiles  labeled  PTXXX  MAX  CHI  represent  the  instant  in  time  when  the  wave  has 
reached  the  last  instrumented  point  on  the  face  of  the  seawall.  Therefore, 
impact  loads  on  the  more  seaward  transducers  occurred  earlier,  if  at  all,  and 
longer  duration  surge  pressures  are  actually  being  measured  at  that  point.  It 
should  also  be  noted  that  the  negative  pressures  indicated  on  Plates  4  and  5 
resulted  from  a  mistaken  zero  offset  before  the  test  was  performed. 
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Surge  or  Secondary  Pressures 

40.  Results  of  this  study  indicate  that  although  surge  pressure  magni¬ 
tudes  were  very  consistent  (at  about  5  to  10  psi  for  the  more  extreme  condi¬ 
tions)  the  durations  could  be  quite  variable.  This  phenomenon  is  primarily 
related  to  defining  surge  pressures,  and  the  variation  corresponds  to  expected 
results  since  simple  observation  of  the  wall  when  subjected  to  spectral  wave 
conditions  reveals  that  the  mass  of  water  on  a  particular  wall  location  varies 
a  great  deal  throughout  a  series  of  waves.  However,  the  most  typical  surge 
pressure  durations  were  in  the  2.0-  to  3.0-sec  range  (Figure  15).  These  most 
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Figure  15.  Time-history  showing  typical  surge  pressure 

distinct  surge  pressures,  in  all  cases,  were  recorded  immediately  after  a  sig¬ 
nificant  shock  pressure.  Since  little  variation  actually  existed  in  the  pro¬ 
file  distributions  of  the  surge  pressures,  numerous  plots  of  this  type  were 
not  included.  A  typical  surge  pressure  profile  measured  during  the  north¬ 
easter  at  a  +8  ft  swl  is  shown  in  Figure  16. 
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Figure  16.  Typical  instantaneous  profile  of  surge  pressures 

Negative  Pressures 

41.  As  stated  previously,  CENAO  personnel  had  expressed  an  interest  in 
identifying  significant  negative  pressures  experienced  during  testing.  Pri¬ 
mary  interest  was  related  to  whether  wave  runup  or  drawdown  could  induce  nega¬ 
tive  pressures  small  enough  to  warrant  inclusion  in  the  procedure  for  calcu¬ 
lating  design  uplift  forces. 

42.  A  cursory  analysis  of  the  data  indicated  that  significant  negative 
pressures  may  have  been  recorded.  Ten  records  included  measured  pressures 
with  values  less  than  -20  psi.  However,  closer  inspection  of  these  records 
indicated  that  the  small  negative  pressure  durations  were  less  than  1  msec. 
Also,  in  most  cases  the  minimum  negative  pressures  occurred  within  milli¬ 
seconds  of  a  maximum  shock  pressure.  Such  events  are  shown  in  Figures  17 
and  18.  Due  to  extremely  small  durations  characteristic  of  these  events, 
these  records  were  not  evaluated  in  further  detail;  therefore,  at  this  time  an 
explanation  of  these  occurrences  is  incomplete.  In  all  cases,  these  events 


occurred  at  the  lowest  three  transducer  locations  during  events  with  a  high 
swl.  It  is  suspected  that  this  may  be  a  characteristic  of  turbulence  and  air 
entrainment  occurring  at  the  base  of  each  seawall  step.  Analysis  of  all  other 
data  files  failed  to  identify  the  occurrence  of  significant  negative 
pressures . 


PART  V:  CONCLUSIONS 


43.  Based  on  the  2-D  physical  model  test  results  reported  herein,  it 
was  concluded  that: 

a.  Regarding  wave  overtopping  and  berm  stability  tests  for  the 

storm  conditions  to  which  the  structures  were  subjected: 

(1)  The  berm  design  characterized  by  stone  weights  of  250  lb 
was  not  acceptable  in  terms  of  stability  of  the  riprap 
structure . 

(2)  The  berm  design  using  1,000-lb  stones  was  acceptable. 

(3)  Visual  assessment  indicated  that  the  riprap  toe  played  an 
important  role  in  reducing  overtopping  at  swl's  of  +7.0  ft 
or  less  and  a  lesser  role  at  the  +8.0-  and  +9.5-ft  swl's. 

(4)  Overtopping  rates  measured  with  the  Phase  II  seawall  geom¬ 
etry  in  place  were  less  than  corresponding  rates  measured 
with  the  Phase  I  design. 

(5)  Overtopping  rates  observed  with  a  +1.0-ft  beach  elevation 
can  be  expected  to  decrease  by  as  much  as  78  percent  for  a 
hurricane  event  at  a  +8.0-ft  swl  with  a  beach  elevation  of 
+3.4  ft. 

(6)  Much  of  the  data  scatter  in  the  overtopping  results  seems 
to  be  caused  by  the  occurrence  of  seiche  in  the  wave 
flume . 

b.  Regarding  wave  pressure  testing: 

(1)  Shock  pressures  as  great  as  117  psi  were  recorded;  how¬ 
ever,  durations  of  pressures  greater  than  15  psi  were 
typically  less  than  0.020  sec. 

(2)  At  swl's  of  +8.0  and  +9.5  ft,  maximum  pressures  consis¬ 
tently  occurred  at  the  vertex  of  the  wall  curvature. 
Highest  pressures  were  also  common  on  the  face  of  the  top¬ 
most  step  at  these  swl's. 

(3)  At  the  +7.0-ft  swl,  maximum  pressures  occurred  on  the 
faces  of  the  lowest  three  steps. 

(4)  Secondary  pressure  magnitudes  were  relatively  consistent 
at  approximately  5  to  10  psi.  Durations  of  significant 
secondary  pressures  ranged  from  2.0  to  3.0  sec. 

(5)  No  significant  durations  of  negative  pressures  were  re¬ 
corded.  Design  calculations  for  uplift  pressures  on  the 
Phase  II  seawall  may  be  performed  neglecting  any  contribu¬ 
tion  due  to  wave  runup  or  recession. 


44.  Relative  to  wave  overtopping,  results  of  this  model  study  indicate 
that  the  Phase  II  seawall  geometry  is  a  more  effective  design  of  the  two 
alternatives  tested.  At  the  +8.0-ft  swl,  overtopping  rates  measured  during 


Phase  II  testing  were  24  to  48  percent  less  than  corresponding  rates  measured 
with  the  Phase  I  seawall  in  place. 

45.  At  the  higher  water  levels  of  +8.0  and  +9.5  ft,  the  riprap  fronting 
berm  appeared  visually  to  have  less  influence  on  the  reduction  of  overtopping 
rates;  however,  general  observations  with  and  without  the  berm  in  place  indi¬ 
cated  that  the  structure  did  reduce  overtopping  at  the  +7.0-ft  swl.  Without 
further  tests  it  is  hard  to  say  how  much  the  overtopping  rates  would  be  af¬ 
fected,  without  the  berm  in  place,  at  the  higher  water  levels.  Also,  the 
presence  of  the  berm  could  help  to  reduce  beach  scour  at  the  seawall  by  help¬ 
ing  to  dissipate  incident/ref lected  wave  energy.  Tests  indicated  that 
1,000-lb  stone  were  of  adequate  size  to  ensure  berm  stability  under  the  storm 
conditions  tested. 

46.  Wave  setup  and  seiches  did  occur  in  the  wave  flume,  and  these  phe¬ 
nomena  were  considered  during  data  analysis.  The  seiche  influence  was  respon¬ 
sible  for  much  of  the  scatter  evident  in  the  presentations  of  the  overtopping 
data.  This  influence  was  not  great  enough  to  affect  overall  data  trends. 

47.  Results  of  the  pressure  tests  indicate  that  wave  pressures  in  ex¬ 
cess  of  100  psi  can  be  experienced  on  the  seawall  under  severe  wave  condi¬ 
tions;  however,  these  pressures  in  excess  of  15  psi  characteristically  have 
durations  of  less  than  20  msec.  The  question  remains — at  what  duration  can  a 
designer  confidently  establish  a  threshold  above  which  pressure  magnitudes  are 
considered  of  serious  importance?  Presently,  the  answer  is  a  matter  of  per¬ 
sonal  opinion.  Some  individuals  (Carr  1954,  Cole  1972,  Garcia  1968,  and  Ross 
1953)  who  have  investigated  this  problem  feel  that  the  lesser  secondary  pres¬ 
sures  of  longer  duration  are  more  critical  for  designer  purposes.  These  par¬ 
ticular  tests  identified  secondary  pressures  with  magnitudes  of  approximately 
5  to  10  psi  and  durations  in  the  range  of  2.0  to  3.0  sec. 

48.  Although  the  geometry  of  the  seawall  prevented  installation  of  a 
vertical  transducer  in  the  extreme  upper  curvature  of  the  wall,  the  area  did 
not  appear  to  be  subjected  to  large  pressures.  Visual  assessment  of  the  test¬ 
ing  indicated  that  this  was  not  an  area  where  wave  energy  was  being  concen¬ 
trated.  Similar  tests  performed  on  the  Cape  Hatteras  Lighthouse  seawall  indi¬ 
cated  that  this  was  an  area  of  concern  due  to  the  pressure  magnitudes  measured 
on  the  overhang  (Grace  and  Carver  1985).  However,  that  particular  design  in¬ 
corporated  a  2-ft  extension  to  the  original  overhang.  In  comparison,  the  lack 
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APPENDIX  A:  OVERTOPPING  TEST  RESULTS 

Appendix  A  presents  Phase  I  and  Phase  II  seawall  data  for  two  storm 
northeasters  (N,NE)  and  hurricanes  (H) . 
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5.18 

4.87 

14.5 

0.6059 

1.770 

0.626 

0.182 

225.20 

0.4303 

1 

81 

8.0 

0.3863 

7.4 

13.28 

13.3 

5.36 

4.92 

14.5 

0.6011 

2.124 

0.751 

0.231 

230.98 

0.4128 

H 

80 

9.0 

0.3844 

7.4 

12.99 

13.3 

5.39 

4.95 

15.6 

0.5999 

2.334 

0.825 

0.245 

247.70 

0.4071 

H 

80 

9.0 

0.3399 

7.3 

12.59 

13.3 

5.44 

4.97 

14.5 

0.6084 

2.197 

0.777 

0.315 

230.32 

0.4129 

1 

80 

9.0 

0.4862 

7.5 

14.43 

13.3 

5.63 

4.92 

11.5 

0.6089 

2.732 

0.966 

0.405 

182.64 

0.4401 

B 

90 

8.0 

0.6230 

7.6 

14.18 

11.2 

5.40 

4.92 

10.4 

0.6078 

2.228 

0.788 

0.308 

166.02 

0.4339 

B 

90 

8.0 

0.5480 

7.5 

14.64 

13.3 

5.73 

4.97 

21.9 

0.6114 

2.841 

1.004 

0.430 

351.52 

0.3485 

B 

90 

8.0 

0.5284 

7.5 

14.01 

11.2 

5.47 

4.61 

10.1 

0.5983 

2.614 

0.924 

0.273 

161.16 

0.4636 

8 

90 

8.0 

0.4799 

7.5 

14.69 

13.3 

5.61 

4.94 

10.9 

0.6096 

2.664 

0.942 

0.308 

173.17 

0.4476 

B 

90 

8.0 

0.6280 

7.6 

14.42 

13.3 

5.69 

4.97 

11.2 

0.6057 

2.767 

0.978 

0.355 

179.31 

0.4314 

I 

90 

8.0 

0.4585 

7.5 

13.99 

13.3 

5.68 

5.05 

10.9 

0.6159 

2.609 

0.922 

0.479 

172.95 

0.4426 

B 

95 

8.0 

0.5906 

7.6 

14.74 

11.2 

5.53 

4.85 

9.9 

0.6064 

2.650 

0.937 

0.307 

157.85 

0.4605 

B 

95 

8.0 

0.7203 

7.7 

14.92 

11.2 

5.57 

5.04 

10.1 

0.6102 

2.367 

0.837 

0.346 

163.06 

0.4231 

B 

95 

8.0 

0.0000 

7.0 

15.45 

13.3 

5.17 

5.03 

21.8 

0.6136 

3.024 

1.069 

0.535 

339.58 

0.3719 

B 

100 

8.0 

0.7292 

7.7 

15.61 

10.9 

5.90 

5.06 

10.9 

0.6236 

3.041 

1.075 

0.480 

175.75 

0.4231 

B 

100 

8.0 

0.5730 

7.6 

15.17 

13.3 

5.92 

5.04 

10.9 

0.6149 

3.095 

1.094 

0.585 

174.14 

0.4349 

H 

100 

8.0 

0.5744 

7.6 

15.73 

13.3 

5.88 

4.91 

11.5 

0.6216 

3.131 

1.107 

0.197 

113.60 

0.4308 

1 

100 

8.0 

0.5624 

7.6 

15.63 

13.3 

5.81 

4.98 

10.9 

0.6147 

2.994 

1.058 

0.442 

174.03 

0.4391 

II 

30 

8.0 

-0.1085 

6.9 

3.87 

14.9 

4.26 

3.87 

15.4 

0.6179 

1.783 

0.630 

0.047 

237.17 

0.5005 

II 

30 

8.0 

-0.0454 

7.0 

3.89 

15.1 

4.24 

3.77 

15.4 

0.6015 

1.944 

0.687 

0.012 

231.15 

0.5165 

II 

40 

8.0 

-0.1041 

6.9 

5.15 

14.9 

4.66 

4.24 

15.5 

0.6019 

1.928 

0.682 

0.095 

238.67 

0.4697 

II 

50 

8.0 

-0.0617 

6.9 

6.60 

14.7 

4.80 

4.25 

15.6 

0.5876 

2.236 

0.791 

0.122 

240.77 

0.4650 

II 

50 

8.0 

-0.0377 

7.0 

6.83 

14.7 

4.74 

4.36 

15.6 

0.5983 

1.873 

0.662 

0.050 

241.15 

0.4669 

II 

60 

8.0 

0.1009 

7.1 

7.99 

14.7 

4.84 

4.54 

15.6 

0.587 

1.667 

0.589 

0.123 

243.32 

0.4448 

II 

60 

8.0 

0.1876 

7.2 

8.02 

14.7 

4.84 

4.53 

15.6 

0.5832 

1.724 

0.610 

0.163 

244.17 

0.4287 

II 

T0 

8.0 

0.2730 

7.3 

9.44 

14.9 

5.00 

4.55 

15.5 

0.592 

2.078 

0.735 

0.208 

245.29 

0.4211 

II 

T0 

8.0 

0.1886 

7.2 

9.59 

14.9 

4.99 

4.62 

15.5 

0.5889 

1.882 

0.666 

0.169 

243.99 

0.4340 

11 

80 

8.0 

0.3122 

7.3 

10.96 

14.9 

5.28 

4.70 

16.2 

0.6004 

2.404 

0.850 

0.230 

257.51 

0.4148 

II 

80 

8.0 

0.3511 

7.4 

10.81 

14.9 

5.26 

4.61 

16.2 

0.598 

2.528 

0.894 

0.279 

258.13 

0.4069 

II 

90 

8.0 

0.4298 

7.4 

12.04 

14.9 

5.49 

4.71 

16.2 

0.6124 

2.814 

0.995 

0.387 

259.39 

0.3960 

II 

90 

8.0 

0.4585 

7.5 

12.41 

14.9 

5.56 

4.87 

16.2 

0.6149 

2.690 

0.951 

0.324 

259.85 

0.3958 

II 

100 

8.0 

0.5518 

7.6 

13.76 

14.9 

5.90 

5.05 

25.8 

0.6171 

3.050 

1.078 

0.513 

416.09 

0.3172 

II 

100 

8.0 

0.5696 

7.6 

13.76 

14.9 

5.90 

5.05 

17.4 

0.6304 

3.050 

1.078 

0.448 

281.01 

0.3705 

B 

30 

9.5 

-0.0187 

8  5 

4.94 

13.3 

4.99 

4.60 

14.6 

0.6341 

1.923 

0.680 

0.137 

247.06 

0.3579 

B 

40 

9.5 

-0.0551 

8.4 

6.57 

13.3 

5.29 

5.10 

14.7 

0.6052 

1.405 

0.497 

0.278 

247.02 

0.3356 

B 

50 

9.5 

0.0099 

8.5 

9.32 

14.7 

5.33 

5.18 

14.7 

0.5979 

1.224 

0.433 

0.332 

248.79 

0.3283 

8 

60 

9.5 

0.0944 

8.6 

10.46 

13.3 

5.75 

5.52 

14.7 

0.5931 

1.603 

0.567 

0.537 

249.92 

0.3100 

B 

60 

9.5 

0.0960 

8.6 

9.51 

13.3 

5.48 

5.30 

14.7 

0.5908 

1.387 

0.491 

0.447 

249.94 

0.3185 

B 

60 

9.5 

0.0077 

8.5 

10.21 

10.9 

5.77 

5.57 

14.7 

0.5947 

1.525 

0.539 

0.834 

248.76 

0.3132 

B 

60 

9.5 

0.0787 

8.6 

9.90 

13.3 

5.49 

5.25 

14.7 

0.5929 

1.629 

0.576 

0.413 

249.71 

0.3217 

B 

70 

9.5 

0.1037 

8.6 

11.96 

13.3 

5.97 

5.65 

14.3 

0.5984 

1.903 

0.673 

0.582 

244.52 

0.3069 

B 

70 

9.5 

0.1541 

8.7 

11.07 

13.3 

5.63 

5.30 

15.6 

0.5984 

1.896 

0.670 

0.547 

266.66 

0.3086 

8 

70 

9.5 

0.1562 

8.7 

11.84 

10.9 

5.95 

5.54 

14.7 

0.5944 

1.867 

0.660 

0.666 

250.74 

0.3057 

B 

70 

9.5 

0.2029 

8.7 

11.49 

10.9 

5.67 

5.32 

14.7 

0.6014 

1.960 

0.693 

0.537 

251.36 

0.3115 

B 

70 

9.5 

0  1674 

8.7 

12.04 

10.9 

5.66 

5.57 

14.3 

0.5925 

1.835 

0.649 

0.685 

245.34 

0.3064 

B 

90 

9.5 

0.2626 

8.8 

13.57 

13.3 

6.07 

5.57 

15.6 

0.5996 

2.403 

0.850 

0.780 

268.19 

0.2926 

1 

80 

9.5 

0.2396 

8.7 

12.65 

13.3 

5.79 

5.37 

15.5 

0.6058 

2.184 

0.772 

0.648 

266.26 

0.3020 

8 

80 

9.5 

0.2499 

8.7 

13.31 

13.3 

6.00 

5.59 

15.6 

0.5975 

2.170 

0.767 

0.694 

268.01 

0.2927 

B 

80 

9.5 

0.2103 

8.7 

13.53 

13.3 

6.16 

5.68 

15.6 

0.5962 

2.390 

0.845 

1.029 

267.45 

0.2919 

B 

80 

9.5 

0.3175 

8.8 

13.09 

13.3 

5.86 

5.38 

15.6 

0.6065 

2.333 

0.325 

0.634 

268.96 

0.2967 
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APPENDIX  B:  COMPARISON  OF  SEAWALL  PERFORMANCE  AND 
BEACH  EROSION  EFFECTS 


1.  To  compare  the  relative  effectiveness  of  the  two  seawall  geometries 
and  to  estimate  the  overtopping  rates  for  a  beach  erosion  level  different  from 
the  one  that  was  tested,  regression  coefficients  must  be  determined  for  Equa¬ 
tion  3  (main  text)  for  each  data  set.  Table  B1  lists  the  regression  coeffi¬ 
cients  determined  for  the  Phase  I  seawall  data  set  (A) ,  the  Phase  II  seawall 
data  set  (B) ,  a  partial  Phase  II  data  set  (C)  containing  only  the  test  results 
for  the  100  percent  values  of  the  design  wave  height  at  the  wave  board 
(DWHAWB) ,  and  a  partial  Phase  II  data  set  (D)  containing  test  results  for  only 
those  tests  with  a  70  percent  or  less  DWHAWB. 


Table  B1 


A,  Phase  I  Seawall  52.3  -13.19 

30  to  70%  DWHAWB 


B,  Phase  II  Seawall  50.4  -13.67 

30  to  100%  DWHAWB 

C,  Phase  II  Seawall  7.78  -7.476 

100%  DWHAWB 

D,  Phase  II  Seawall  37.94  -13.89 

30  to  70%  DWHAWB 

The  data  curves  for  data  sets  A,  B,  C,  and  D  have  been  drawn  through  the  data 
and  are  shown  in  Figures  B1 ,  B2 ,  B3,  and  B4 ,  respectively. 

2.  Comparisons  of  the  overtopping  rates  between  the  two  seawall  geome¬ 
tries  and  the  different  beach  erosion  levels  can  be  made  by  computing  a  maxi¬ 
mum  zero-moment  wave  height  H  at  the  structure  toe.  From  earlier  wave 

mo 

max 

tank  tests  (Ahrens  and  Heimbaugh,  in  publication*)  it  has  been  found  that  the 


*  References  cited  in  the  Appendixes  can  be  found  in  the  References  at  the 
end  of  the  main  text. 
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100  PERCENT  DWHAWB  DATA 


O  =  7.78f*p  (-7.476  F‘) 


HELATIVE  FREEBOARD,  F 


Figure  B3, 


("is}”* 

Q  versus  F'  data  plot  for  Phase  II  seawall 
data  set  C  (100  percent  DWHAWB) 


30  70  PERCENT  DWHAWB  DATA 


Q  =  37.94expf-13.89  F't 


RELATIVE  FREEBOARD.  F'  -  — - — • 

R.O’'3 

Figure  B4. 

Q 

versus  F’ 

for  Phase  II  seawall 

data 

set 

D  (30  to  70 

percent  DWHAWB) 

w 


approximate  limiting  value  for  the  zero-moment  wave  height  is  given  by 

(-jM  =  0.10  tan  h  (j— (Bl) 
\  LP  / max  \  p  / 

By  substituting  this  (H  )  value  into  Equation  1  (main  text) ,  a  corre- 

max 

sponding  relative  freeboard  parameter  F'  can  be  determined.  This  value  of 

F*  then  can  be  substituted  into  Equation  3  (main  text),  and  a  Q  value  can 

be  calculated  or  read  from  the  appropriate  data  curve  (Figures  Bl ,  B2,  B3, 

and  B4) .  This  Q  value  is  representative  of  an  average  overtopping  rate 

associated  with  a  maximum  H  for  a  specific  local  still-water  level  (swl) 

mo 

at  the  structure  toe  d  .  The  d  value  used  in  these  calculations  should 

s  s 

include  an  estimate  of  the  setup  which  could  occur  at  the  project  site.  The 
Q  values  determined  in  this  manner  can  then  be  intercompared ,  and  percent 
differences  and/or  percent  decreases  in  the  overtopping  rates  can  be  computed. 

3.  Overtopping  rates  calculated  using  data  sets  A,  B,  and  D  are  listed 
in  Table  B2.  Phase  I  and  Phase  II  seawall  comparisons  expressed  in  percent 
decrease  in  Q  for  the  hurricane  event  at  the  three  swl's  tested  are  given  in 
Table  2  of  the  main  text. 

4.  Overtopping  rates  calculated  using  data  sets  B  and  C  are  listed  in 
Table  B3.  The  percent  difference  and  percent  decrease  in  Q  given  in 
Table  B4  and  Table  3  (main  text)  were  determined  using  the  calculated  Q 
values  for  the  hurricane  conditions  in  Table  B3. 
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Table  B4 

Overtopping  Comparisons  Using  Hurricane  Conditions  and  the 


+1.0-  and  +3.4-ft  NGVD  Beach  Elevation  Levels 


f  - 

Percent 

Difference* 

Percent 

Decrease** 

}  swl 

f  ft 

Phase  II 

100%  Dataf 
% 

Phase  II 

30  to  100%  Data 
%+t 

Phase 

100% 

% 

II 

Data 

Phase  II 

30  to  100%  Data 
% 

% 

» 

ft 

9 

I 
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APPENDIX  C:  WAVE  SETUP  AND  SEICHE  EFFECTS 

1.  During  analysis  of  the  overtopping  test  results,  it  was  determined 
that  wave  setup  and  seiche  were  present  in  the  wave  tank.  Wave  setup  is  the 
superelevation  of  the  water  surface  above  normal  still-water  levels  (swl's) 
and  is  related  to  wave  breaking.  Wave  setup  is  caused  by  the  radiation  stress 
(wave-induced  transport  or  momentum)  of  the  waves  progressing  toward  the  shore 
(Seelig  and  Ahrens  1980).  A  seiche  is  a  long-period  standing  wave  which  oc¬ 
curs  in  an  enclosed  body  of  water  such  as  a  wave  tank.  Seiches  are  commonly 
found  in  the  prototype  in  lakes  and  embayments;  consequently,  they  are  un¬ 
likely  to  be  found  along  the  open  coast  of  Virginia  Beach. 

Wave  Setup 

2.  Wave  setup  which  occurred  in  the  wave  tank  increased  as  the  percent 
gain  of  the  design  wave  height  at  the  wave  board  (DWHAWB)  increased.  Setup 
became  significant  only  at  the  higher  gain  settings.  Wave  setups  as  high  as 
0.3  and  0.7  ft  (prototype)  were  reached  in  the  Phase  I  and  Phase  II  studies, 
respectively  (Figures  Cl  and  C2).  As  would  be  expected,  the  setup  was  greater 
for  the  lower  swl  conditions  of  +8.0  and  +7.0  ft  National  Geodetic  Vertical 
Datum  (NGVD) .  The  effect  that  setup  had  in  the  model  was  to  effectively  in¬ 
crease  the  local  swl  at  the  structure.  This  increase  was  accounted  for  in  the 
relative  freeboard  parameter  F'  by  simply  adding  the  measured  setup  to  dg  , 
the  water  depth  at  the  structure  toe.  By  increasing  dg  ,  the  average  free¬ 
board  F  and  significant  wavelength  L  were  also  adjusted.  Accounting  for 
setup  in  the  data  analysis  in  this  manner  implies  that  wave  setup  which  oc¬ 
curred  in  the  wave  tank  was  the  best  estimate  of  wave  setup  that  would  occur 
at  Virginia  Beach. 

Wave  Tank  Seiche 


3.  Initial  data  analysis  showed  that  a  seiche  was  occurring  in  the  wave 
tank,  and  it  was  determined  that  much  of  the  data  scatter  seen  in  Figures  8 
and  9  (main  text)  was  due  to  this  seiche.  Figures  C3  and  C4  show  the  calcu¬ 
lated  seiche  wave  amplitude  plotted  versus  the  percent  gain  DWHAWB.  The  fig¬ 
ures  clearly  show  how  the  seiche  wave  amplitude  increased  as  the  percent  gain 


DWHAWB  increased.  The  seiche  wave  amplitude  was  computed  by  first  calculating 

was  calculated  by  taking 

seiche 

measured  in  the  tank  (single  Gage  4)  and  then  subtracting  from 


the  H  associated  with  seiche.  This  (H  ^ 
mo  V  mo  / 

the  total  H 


mo 

it  the  wind  wave  measured  on  Goda  Array  2  (Gages  5,  6,  and  7).  Using 

this  (H  ^  ,  the  seiche  amplitude  a  .  ,  was  then  computed: 

\  mo/  .  .  seiche 

seiche 


(H  -  (H  \2  =  (H  )2 

\  io/^,..,  \  mo/. _J_J  V  mo/ 


(Cl) 


total 


wind 


seiche 


(H  ) 

\  mo/ 


seiche 


seiche 


/2 


(C2) 


Some  of  the  seiche  in  the  tank  now  can  be  accounted  for  by  changing  the  form 
of  Equation  3  (main  text)  to  the  following: 


Q'  =  exp  CjF'  +  |  (C3F'  -  C2) 


(C3) 


where 


Q'  =  dimensionless  overtopping  rate  made  dimensionless  by 

/  3  \l/2 

dividing  Q  by  IgH  J  ,  where  g  is  the  accelera- 

mo 

tion  of  gravity 

C^,  C^t  C^  =  dimensionless  regression  coefficients 

F'  ”  dimensionless  relative  freeboard  parameter 
F  =  average  freeboard  in  feet 
a  =  amplitude  of  the  seiche  wave  in  feet 


Figure  C5  is  a  plot  of  the  .measured  overtopping  rate  during  Phase  II  seawall 
tests  versus  the  predicted  overtopping  rate  using  Equation  C3.  Figure  C5 
shows  that  the  predicted  rates  agreed  well  with  model  results.  Figure  C6 
shows  the  physical  model  data  again  with  the  predicted  Q  values  from 
Equation  C3  represented  by  darkened  circles.  Although  the  predicted  Q  values 
of  Figure  C6  do  not  correspond  exactly  to  the  measured  data  values,  the  figure 
indicates  that  much  of  the  data  scatter  is  attributed  to  seiches  in  the  wave 
tank.  Figure  C6  should  give  the  reader  confidence  in  the  data  collected  and 
should  calm  any  fears  created  by  the  data  scatter. 
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Figure  C5.  Observed  Q  versus  predicted  Q  for 
Equation  C3  model 
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Table  D1 

Summary  of  Pressure  Test  Conditions 


STORM 

SWL 

(ft) 

GAIN 

(7.) 

SAMPLING 
RATE 
<Hz ) 

SAMPLING 
INTERVAL 
( sec ) 

1 

HU 

7.  0 

50 

2000 

300-330 

jL 

HU 

7.0 

100 

2000 

300-330 

*7 

HU 

7.0 

50 

2000 

600-630 

4 

HU 

7.0 

100 

2000 

600-630 

5 

HU 

7.0 

50 

2000 

900-930 

6 

HU 

7.0 

100 

2000 

900-930 

7 

HU 

7.0 

50 

2000 

1200-1230 

a 

HU 

7.0 

100 

2000 

1200-1230 

9 

HU 

7.0 

50 

2000 

1500-1530 

10 

HU 

7.0 

100 

2000 

1500-1530 

1 1 

HU 

7.  0 

50 

2000 

0-1800 

12 

HU 

7.0 

100 

80 

0-1800 

13 

HU 

8.  0 

50 

80 

300-330 

14 

HU 

8.0 

100 

2000 

300-330 

15 

HU 

8.0 

50 

2000 

600-630 

16 

HU 

8.0 

100 

2000 

600—630 

17 

HU 

8.0 

50 

2000 

900-930 

18 

HU 

8.0 

100 

2000 

900-930 

19 

HU 

B.  0 

50 

2000 

1200-1230 

20 

HU 

8.0 

100 

2000 

1 200- 1 230 

21 

HU 

8.  0 

50 

2000 

1500-1530 

22 

HU 

8.0 

10O 

2000 

1500-1530 

23 

HU 

8.0 

50 

80 

0-1800 

24 

HU 

8.0 

100 

80 

0-1800 

25 

HU 

9.5 

50 

2000 

300-330 

26 

HU 

9.5 

100 

2000 

300-330 

27 

HU 

9.5 

50 

2000 

600-630 

28 

HU 

9.5 

100 

2000 

600-630 

29 

HU 

9.  5 

50 

2000 

900-930 

30 

HU 

9.5 

100 

2000 

900-930 

31 

HU 

9.5 

50 

2000 

1 200- 1 230 

HU 

9.5 

100 

2000 

1 200- 1 230 

33 

HU 

9.5 

50 

2000 

1 500- 1 530 

34 

HU 

9.5 

100 

2000 

1 500- 1 530 

35 

HU 

9.  5 

50 

80 

0- 1 800 

36 

HU 

9.5 

100 

80 

0-1800 

37 

HU 

9.  5 

50 

1000 

300-360 

38 

NE 

9.5 

100 

1000 

300-360 

39 

NE 

9.  5 

50 

1000 

600-660 

40 

NE 

9.5 

100 

1000 

600-660 

41 

NE 

9.5 

50 

1000 

900-960 

42 

NE 

9.5 

100 

1000 

900-960 

43 

NE 

9.  5 

50 

1000 

1 200- 1 260 

44 

NE 

9.5 

100 

1000 

1200-1260 

45 

NE 

9.  5 

50 

1000 

1 500- 1 560 

46 

NE 

9.5 

100 

1000 

1500-1560 

47 

NE 

9.  5 

50 

80 

0- 1 800 

(Continued) 
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STORM 


GAIN 

<’/.) 


(Continued) 


SAMPLING 

RATE 

(Hs) 


SAMPLING 
INTERVAL 
(sec ) 


100 

80 

0-1800 

50 

80 

0-1800 

100 

80 

0-1800 

50 

1 000 

1 90-250 

50 

1000 

435-495 

50 

1 000 

825-885 

50 

1000 

1020-1080 

50 

1 000 

1 185-1245 

50 

1000 

1710-1770 

100 

1000 

220-280 

100 

1000 

420-480 

100 

1000 

585-645 

100 

1000 

1365-1425 

100 

1 000 

1680-1740 

100 

1000 

1740-1800 

50 

80 

0- 1 800 

100 

80 

0-1800 

50 

100O 

150-210 

50 

1000 

470-530 

50 

1000 

790-850 

50 

lOOO 

980-1040 

50 

1 000 

1265-1325 

50 

1000 

1495-1555 

loo 

lOOO 

120-180 

100 

1000 

180-240 

100 

1000 

340-400 

too 

1000 

420-480 

100 

1000 

540-600 

100 

1000 

600-660 

100 

1 000 

765-825 

50 

80 

0-1800 

1 00 

80 

0- 1 BOO 

50 

1 000 

285-345 

50 

1000 

445-505 

50 

1000 

510-570 

50 

1000 

600-660 

50 

1000 

690-750 

50 

1000 

875-935 

50 

1 000 

1035-1095 

50 

1000 

1 275- 1 335 

50 

1 000 

1440-1500 

50 

1000 

1530-1590 

50 

1000 

1605-1665 

100 

1 000 

1730-1790 

100 

1000 

1440-1500 

100 

1000 

1380-1440 

100 

1000 

1 080- 1 1 40 

100 

1 000 

1020-1080 

100 

1 000 

905-965 
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Table  D1  (Continued) 


STORM 

SWL 

(ft) 

SAIN 

(7.) 

SAMPLING 

RATE 

(Hz) 

SAMPLING 

INTERVAL 

(sec) 

HU 

7.0 

100 

1000 

810-870 

HU 

7.0 

100 

1000 

690-750 

HU 

7.0 

100 

1000 

300-360 

HU 

7.0 

100 

1 000 

240-300 

HU 

7.0 

100 

1 000 

160-220 

HU 

8.0 

50 

80 

0- 1 800 

HU 

8.0 

100 

80 

0-1800 

HU 

8.0 

50 

1 000 

120-180 

HU 

8.0 

50 

1000 

330-390 

HU 

8.0 

50 

1000 

590—650 

HU 

8.0 

50 

1 000 

900-960 

HU 

8.0 

50 

1 000 

960- 1 020 

HU 

8.0 

50 

1 000 

1 080- 1 1 40 

HU 

8.0 

50 

1000 

1260-1320 

HU 

B.  0 

50 

1000 

1380-1440 

HU 

a.  o 

50 

1 000 

1620-1680 

HU 

8.0 

50 

1000 

1710-1770 

HU 

8.0 

100 

1 000 

60- 1 20 

HU 

8.0 

100 

1 000 

130-190 

HU 

8.0 

100 

1000 

200-260 

HU 

8.  0 

100 

1000 

270-330 

HU 

8.0 

100 

1000 

330-390 

HU 

8.  0 

100 

1000 

400-460 

HU 

8.0 

100 

1000 

460-520 

HU 

8.0 

100 

1000 

530-590 

HU 

8.0 

100 

lOOO 

600-660 

HU 

8.  0 

1 00 

1000 

675-735 

HU 

8 . 0 

100 

1 000 

780-840 

HU 

8.  0 

100 

1 000 

850-910 

HU 

8.0 

100 

1000 

1 095- 1 1 55 

HU 

8.0 

1 00 

1 000 

1 180-1240 

HU 

8.0 

100 

1 000 

1410-1470 

HU 

8.0 

100 

1 000 

1540-1600 

HU 

8.  0 

100 

1 000 

1660-1720 

HU 

8.0 

100 

1 000 

1 730- 1 790 

HU 

9.5 

50 

1 000 

1660-1720 

HU 

9.  5 

50 

1000 

1730-1790 

HU 

9.5 

50 

1000 

120-180 

HU 

9.  5 

50 

1 000 

190-250 

HU 

9.  5 

50 

1 000 

330-390 

HU 

9.5 

50 

1 000 

400-460 

HU 

9.5 

50 

1000 

480-540 

HU 

9.  5 

50 

1 000 

550-610 

HU 

9.  5 

50 

1 000 

720-780 

HU 

9.5 

50 

1 000 

790-850 

HU 

9.5 

50 

1 000 

890-950 

HU 

9.5 

50 

1  ooo 

960-1020 

HU 

9.5 

50 

1 000 

1 1 30- 1 1 90 

HU 

9.  5 

50 

1  ooo 

1 320- 1 380 

$ 

•I*, 

Vi 

& 


1 

1 

Table  Dl 

(Concluded) 

i 

u 

RUN 

STORM 

SWL 

GAIN  SAMPLING 

SAMPLING 

>yi 

,\Vl 

NO. 

(ft) 

(V.)  RATE 

INTERVAL 

,<2 

( Hz  ) 

( sec ) 

•  1 

Table  D2 

Maximum  Wave-Induced  Pressure 


JN  STORM  GAIN  MAXIMUM  PRESSURE,  PS I,  FOR  INDICATED  ELEVATION, FT 
3.  ?<  SWL  C/.) 


+  14.0 

+  12.5 

+  10.  4 

+9.  2 

KSHBi 

+6.  2 

1 

H7 

50 

11.02 

4.  18 

12.  73 

27.74 

10.  45 

6.08 

2 

H7 

100 

25.08 

/  ■  4.4. 

18.  81 

16.  15 

29.  64 

6.08 

3 

H7 

50 

5.89 

3.04 

15.  01 

14.63 

28.50 

27.36 

4 

H7 

lOO 

19.  76 

5.  32 

12.54 

21 . 85 

34.39 

8.55 

5 

H7 

50 

6.84 

“7  '"'"T 

•->  •  4.^ 

10.26 

20. 90 

1 1 . 40 

6.08 

6 

H7 

100 

8.  17 

3.99 

9.  12 

19.38 

19.  00 

17.  48 

7 

H7 

50 

24.89 

4.  37 

10.83 

20.  14 

31.92 

29.07 

8 

H7 

lOO 

4.  94 

3.  80 

13.87 

9.50 

16.  15 

9.  12 

9 

H7 

50 

4.37 

2.  66 

17.29 

28.50 

43.  13 

16.  15 

10 

H7 

100 

19.  19 

9.  31 

25.08 

12.54 

26.22 

11.02 

13 

H8 

50 

13.87 

6.84 

27.36 

16.72 

22.99 

4.94 

14 

H8 

100 

20.  14 

11.02 

13.  87 

18.81 

13.  30 

3.  55 

15 

H8 

50 

15.39 

7.41 

19.95 

1 4 .  06 

1 9 . 00 

11.02 

16 

H8 

100 

11.78 

4.  94 

47.31 

13.68 

15.  96 

16.  53 

17 

H8 

50 

36.  29 

8.  17 

16.  72 

33.  57 

23.56 

15.39 

18 

H8 

100 

19.57 

8.93 

19.  19 

25.  06 

18.  81 

15.  58 

19 

H8 

50 

16.  15 

5.  70 

20.  14 

74.  10 

44.  08 

20.  14 

20 

H8 

100 

14.44 

6. 08 

31.54 

21.09 

17.  48 

5.  89 

21 

H8 

50 

18.81 

9.  12 

27.  17 

31.73 

34.96 

11.78 

no 

H8 

100 

24.51 

7.22 

16.91 

13.49 

13.  30 

18,05 

__ 

H95 

50 

64.22 

8.93 

20.71 

34.96 

15.39 

4.75 

26 

H95 

100 

41.80 

10.  83 

19.57 

24.32 

11.97 

6.  46 

27 

H95 

50 

58.90 

7.22 

20.71 

24.89 

12.73 

3.99 

28 

H95 

lOO 

40.28 

7.  79 

44.08 

15.77 

9.50 

11.59 

29 

H95 

50 

23.94 

6.84 

45.98 

20.90 

20.  14 

5  •  32 

30 

H95 

100 

35.72 

7.60 

26.03 

16.  15 

19.57 

7.03 

31 

H95 

50 

25.  46 

6.27 

39.  71 

70.  49 

27.55 

3.42 

32 

H95 

1 00 

29.26 

6.  84 

27.36 

11.78 

11.59 

4.56 

7? 

H95 

50 

42.  IB 

8.  74 

37.24 

22.04 

15.96 

3. 80 

34 

H95 

100 

29 . 83 

8.  74 

12.35 

21.47 

26.  41 

5.89 

37 

NE95 

50 

43.  32 

10.  45 

33.  44 

17.  48 

46.  17 

4.56 

38 

NE95 

100 

27.  17 

9.69 

25.08 

27.74 

19.95 

12.73 

39 

NE95 

50 

46.  55 

10.07 

27.  17 

20.52 

21.47 

4.37 

40 

NE95 

100 

41.61 

10.  26 

39.71 

22.04 

25.84 

7. 98 

41 

NE95 

50 

41.61 

9.  69 

39.  14 

15.58 

17.67 

4.37 

42 

NE95 

100 

40 .  09 

9.31 

30.21 

29.64 

30.59 

7.79 

43 

NE95 

50 

53.77 

9.  12 

v>2 .  87 

43.32 

31.92 

7.60 

44 

NE95 

100 

39.90 

10.  07 

64.  98 

30.  97 

24.  13 

9.  31 

45 

NE95 

50 

59.47 

11.78 

65.  74 

40.66 

15.58 

10.83 

46 

NE95 

1 00 

53.  96 

11.97 

19.  38 

+—JL.  i  i-O 

25.  65 

6.08 

»;■  * 

i. 

NE8 

50 

NEGLIGIBLE 

ti  '*■* 

NEB 

50 

13.  39 

4.  75 

24.  51 

18.43 

30.  78 

1  1 . 40 

53 

NE8 

50 

26.22 

5.  32 

21.09 

18.05 

34.96 

34.58 

54 

NEB 

50 

14.  44 

5.32 

28.  12 

21.28 

.  25 

14.06 

55 

NEB 

50 

10.07 

3.04 

30.02 

20.90 

18.43 

12.54 

56 

NEB 

50 

19.  76 

10.  64 

19.  95 

23.37 

24.32 

9.  12 

57 

NEG 

1 00 

'-n  '-y  t 

4.  •  4.  J 

10.  64 

23.37 

45.  98 

22.  04 

19.76 

58 

NEB 

100 

42.  18 

9.31 

15.  77 

29.  07 

19.76 

10.  45 

(Continued) 


Table  D2  (Continued) 


STORM  GAIN  MAXIMUM  PRESSURE,  F'SI  ,  FOR  INDICATED  ELEVAT I ON , FT . 


MO. 

SWL 

(ft) 

(7.) 

+  14.0 

+  12.  5 

+  10.  4 

+9.2 

+7.  7 

+6 . 2 

59 

NE8 

100 

42.56 

11.59 

30.78 

27.74 

15.39 

7.03 

60 

NE8 

100 

105.64 

12.  35 

30.  02 

28.  69 

30.21 

9.  12 

61 

NE8 

100 

36.  10 

10.64 

13.87 

22.  99 

jiL  ■J/  .  7 

fi.27 

62 

NEB 

100 

1  16. 85 

13.  1  1 

31.92 

35.  53 

13.  68 

20.  14 

65 

NE7 

50 

11.21 

4.  18 

29.45 

39.14 

19.57 

10.64 

66 

NE7 

50 

11.97 

3.42 

21.28 

19.76 

28.69 

11.02 

67 

NE7 

50 

8.  74 

4.94 

11.59 

43.51 

28.  12 

15.20 

68 

NE7 

50 

11.97 

3.42 

23.  18 

21.66 

60.  23 

21.47 

69 

NE7 

50 

12.54 

2.28 

18.62 

21.66 

23.  75 

10.  26 

70 

NE7 

50 

11.02 

3.  99 

16.  72 

27.17 

19.  76 

14.63 

71 

NE7 

100 

28.  12 

8.55 

15.01 

19.95 

15.58 

11.5? 

72 

NE7 

100 

19.  38 

9.50 

13.  87 

29.  45 

21 . 66 

20.  14 

73 

NE7 

100 

20.52 

8  •  55 

16.  72 

35.  15 

15.58 

14.82 

74 

NE7 

100 

14.63 

7 .  03 

54.34 

11.97 

32.  49 

14.  25 

75 

NE7 

100 

10.  64 

5.89 

23.  31 

27 . 36 

23.  18 

40.  28 

76 

NE7 

1 00 

23.  94 

B.  74 

15.96 

16.53 

21.47 

13.  1 1 

77 

NE7 

100 

24.  32 

7.60 

10.64 

18.24 

18.62 

19.  19 

80 

H7 

50 

10.  07 

3.61 

40.85 

17.48 

25.08 

45.03 

81 

H7 

50 

8 .  55 

5.  89 

12.73 

22.99 

47.50 

18.62 

82 

H7 

50 

9.88 

3.61 

19.76 

43.32 

21.09 

28.88 

83 

H7 

50 

11.59 

4.94 

17.86 

23.56 

17.  10 

30.97 

84 

H7 

50 

25.46 

5.89 

11.97 

27.36 

30.02 

25.27 

85 

H7 

50 

9.88 

3.42 

35.72 

14.44 

19.  19 

88.  73 

86 

H7 

50 

6.  65 

2.28 

8.36 

11.02 

17.48 

31.35 

87 

H7 

50 

5.51 

2.28 

10.07 

13.49 

15.01 

29.  26 

88 

H7 

50 

17.  48 

4.56 

15.20 

55.67 

23.75 

19.38 

89 

H7 

50 

24.70 

8 . 36 

21.66 

27.55 

41.04 

16.  15 

90 

H7 

50 

10.  64 

5.  70 

39.  90 

15.77 

17.86 

19.  19 

91 

H7 

100 

34.01 

9.  12 

22.04 

19.95 

29.83 

9.50 

92 

H7 

100 

45.22 

10.  64 

17.  10 

1 8 . 05 

27.  17 

11.21 

93 

H7 

100 

56.24 

8.  74 

28.  12 

29.  26 

1  .  _>0 

20.  90 

94 

H7 

100 

24.  70 

10.  83 

18.  62 

n  'T 

35.91 

13.68 

95 

H7 

1 00 

18.24 

6.84 

20.33 

52.06 

26.22 

10.26 

96 

H  7 

1 00 

31.92 

10.  45 

19.  19 

19.38 

26.22 

21.85 

97 

H7 

1 00 

23.  18 

9.  12 

25.08 

23.  18 

jO.  78 

18.62 

98 

H7 

100 

25.84 

9.50 

14.63 

28.  88 

13.87 

31 . 92 

99 

1-87 

100 

40.85 

11.78 

19.76 

19.  19 

17.67 

10.26 

100 

H7 

100 

28.  12 

7.98 

15.  58 

17.  48 

19.  19 

1  1 . 40 

101 

H? 

100 

53.39 

9.88 

28.  12 

22.04 

15. 01 

22.61 

104 

H8 

50 

NEGLIGIBLE 

105 

HB 

50 

NEGLIGIBLE 

106 

H8 

50 

NEGLIGIBLE 

107 

HQ 

50 

NEGLIGIBLE 

108 

H8 

50 

NEGLIGIBLE 

109 

HB 

50 

NEGLIGIBLE 

110 

H8 

50 

NEGLIGIBLE 

1  1 1 

H8 

50 

NEGLIGIBLE 

1  12 

H8 

50 

12.92 

4.75 

11.97 

19.  38 

75.  43 

13.87 

113 

H8 

50 

16.53 

6.27 

55.  10 

16.53 

19.  19 

38.57 
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Table  D2  (Continued) 


MAXIMUM  PRESSURE,  PSI ,  FOR  INDICATED  ELEVATION, FT. 


+  14.0 

+  12.5 

+  10.4 

+9.2 

+  7.  7 

+6.  2 

15.39 

6.65 

15.  20 

26.  22 

13.  30 

21.66 

30.59 

”7  '“n 

/  •  4-  ■*- 

31 . 35 

31.16 

21.09 

9.  31 

26.41 

7.98 

35.  53 

22.  99 

15.  77 

7.  41 

24.32 

10.07 

21.47 

20.14 

19.  95 

23.  94 

19. 3S 

7.79 

37.24 

25.  84 

21.66 

14.82 

35.  53 

8.  74 

14.  44 

18.  24 

39.  52 

5.89 

59.66 

10.26 

20.  14 

17.  10 

20.  14 

17.67 

39.  71 

10.  64 

on  n? 

m 

20.  90 

63.  84 

15.96 

68.  21 

8.93 

20.33 

13.30 

69.  16 

28.69 

26.03 

7.  60 

72.58 

12.  54 

39.90 

6.  65 

29.  26 

7.03 

25.27 

20.71 

17.67 

14.82 

16.  53 

7.22 

20.  52 

24.  13 

61 . 94 

12.54 

112.67 

10.  07 

31.35 

17.10 

24.  70 

8.55 

28.69 

7.60 

18.05 

33.  44 

24.89 

30.21 

63.  08 

9.  12 

24.  S9 

21.09 

16.53 

10.64 

43.51 

9.31 

25.  46 

22.  80 

14.82 

11.21 

24.89 

7.03 

17.86 

9.88 

14.  82 

13.  49 

19.76 

6 .  27 

15.  58 

19.57 

16.  15 

12.35 

25.65 

7.79 

55.  67 

67.45 

30.  78 

12.  16 

25.  08 

8.  17 

26.98 

34.20 

16.34 

12.92 

48.26 

8.93 

21.28 

19.76 

18.43 

4.94 

24.89 

9 . 50 

78.  47 

34.39 

17.48 

4.56 

46.55 

10.07 

34.77 

16.34 

34.20 

4.75 

28.88 

10.  07 

33.  06 

23.  18 

26.79 

5.51 

25.65 

9.88 

50.54 

33.06 

30.59 

6  •  65 

34.20 

7.  79 

116.85 

19.38 

26.22 

3.  42 

56.  43 

8.55 

16.  15 

29.83 

23.  18 

6.65 

47.  12 

8 . 36 

38.  76 

17.48 

23.  94 

16.  34 

75.43 

10.  45 

56 . 05 

30.  02 

34.39 

29.  26 

3.93 

36.  67 

30.  97 

13.87 

6.27 

54.53 

9.  12 

27.93 

18.  43 

26.  60 

4.  18 

44.27 

1 0 .  26 

20.  14 

20.71 

a  jL. 

6.  65 

31. 16 

10.07 

37.  43 

22.  99 

13.87 

3.  99 

106. 02 

10.  45 

22.  04 

26.  79 

15.  96 

9.88 

27.  36 

9.  12 

22.42 

16.15 

19.95 

19.  57 

19.38 

7.03 

17.86 

17.67 

51.87 

7. 60 

61 . 37 

1  1 . 02 

27.  17 

17.  86 

34.  01 

9.69 

55.  10 

8.36 

15.  20 

20.52 

22.  04 

5.51 

60.  04 

10.  64 

20.  14 

19.57 

29.  45 

6.  65 

26.  98 

8.  74 

20.33 

20.  14 

16.53 

9.  12 

37.81 

9.88 

43.32 

21.09 

17.  86 

6.  65 

33.  44 

7.98 

59.47 

11.21 

30.78 

6.  46 

50.  54 

1  1 . 02 

24.  51 

19.57 

17.  48 

6.27 

27.  36 

9.  50 

103. 17 

27.  17 

28.  12 

6.  46 

29.07 

7.79 

23.  37 

13.  1  1 

14.63 

4.56 

51.11 

11.78 

30.  97 

30.  78 

34.58 

15.  96 

45.41 

11.21 

39.  52 

23.37 

1 9 . 00 

8.  17 

25.  84 

10.  26 

22.  61 

19.95 

30.  59 

4.37 

32.  1  1 

9.  12 

20.  33 

16.34 

20.  14 

4.94 
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Table  D2  (Concluded) 


STORM  GAIN  MAXIMUM  PRESSURE,  PSI ,  FOR  INDICATED  ELEVATION, FT 
SWL  r/.) 

( 


46.  74 
28. 83 
56. 05 
19.38 


17.48 


33.  44 
63.65 
31.54 
42.56 


9.31 
10.  64 
8.  36 
10.  07 


34.  39 

24.  13 

68 .  40 

20.52 

11.59 

11.59 

20.52 

19.  19 

34. 58 

38.38 

14.06 

12.  92 

21.09 

84.  36 

15.  20 

15.20 

18.43 

22.80 

19.38 

23.  75 

34.58 

14.  82 

40.  85 

23.  18 

24.32 

17.  48 

20.  33 

14.63 

16.53 

16.  72 

19.  76 

19.00 

14.44 

6.65 
32.11 
6.  46 
13.  87 
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APPENDIX  E:  NOTATION 


B  Value  ranging  from  0.55  to  0.65 

Dimensionless  regression  coefficient 

dg  Water  depth  at  the  structure  toe,  ft 

F  Average  freeboard,  or  that  distance  between  the  crest  of  the  seawall 

and  the  local  mean  water  level,  ft 

F'  Dimensionless  relative  freeboard 

h  Water  depth,  ft 

Energy  based  zero-moment  wave  height,  ft 

Lp  Significant  wave  length  associated  with  the  peak  period  T^  ,  ft 

L 

j~-  Linear  scale  of  the  model 

P 

n,p  Model  and  prototype  quantities,  respectively 

Q  Overtopping  rate,  cfs/ft 

Qo  Regression  coefficient,  cfs/ft 

S  Specific  gravity  of  an  Individual  stone  relative  to  the  water  in 

which  it  was  placed,  i.e.  S  =  y  /y 

3  3  W 

Tp  Peak  period,  sec 

W  Weight  of  an  individual  stone,  lb 

3 

y  Spectral  shape  parameter,  peak  enhancement  factor  which  controls  the 

sharpness  of  the  spectral  peak 

Y  Specific  weight  of  an  individual  stone,  pcf 

Yw  Specific  weight  of  water,  pcf 

Spectral  shape  parameter,  low  side  decay  factor 

3.  .  Spectral  shape  parameter,  high  side  decay  factor 
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